Abstract-The ultrastructure of human tooth enamel from a patient diagnosed to have amelogenesis imperfecta (AI) was investigated using atomic force microscopy (AFM) and compared with normal human tooth enamel. AI is a hereditary defect of dental enamel in which the enamel is deficient in either quality or quantity. Tissue-specific proteins, especially amelogenins, have been postulated to play a central role in amelogenesis. The secondary structure of amelogenin has been assigned an important role in directing the architecture of hydroxyapatite (HA) enamel crystallites and an alteration of the secondary structure of amelogenin is expected to result in an altered architecture of the mineral phase in human enamel. Previous studies have shown that the human amelogenin gene encodes for a mutant protein in which a conserved Pro is mutated to a Thr residue (Pro → Thr); such a mutation should be expected to cause a disoriented pattern of the mineral phase in enamel. AFM results presented for the AI tooth enamel clearly demonstrate that the apatite crystal morphology in AI tooth enamel is perturbed in the diseased state; this might result from a defective synthesis of the extracellular matrix proteins, e.g. amelogenin, by the ameloblasts.
INTRODUCTION
Enamel is a bioceramic and is distinguished from other mineralized tissues such as bone in at least two important aspects. First, unlike bone, enamel is not remodelled continuously throughout its life span and its extracellular matrix is almost completely removed concomitantly with the mineralization process. Second, the resulting mineral phase in healthy tooth enamel is comprised of a highly-ordered packing of hydroxyapatite (HA) crystallites, more than ten times larger than those of bone, organized into discrete substructures, 'prisms', in which the individual crystallites are collectively oriented with their c-axes essentially normal to the plane of the dentin-enamel junction.
It is well accepted that the tissue-specific proteins of the developing dental enamel, amelogenins, provide the extracellular matrix which is essential for the formation of the unique enamel mineral phase. Amelogenins [1] [2] [3] from a number of species have been isolated, characterized, purified, cloned, and expressed in Escherichia coli. The secondary structure of amelogenin has been postulated to orchestrate the mineralization process in enamel. The precise mechanisms underlying the mineralization process are not completely understood at present. Nevertheless, it is clear that these unique tissue-specific proteins play a central role in amelogenesis. The secondary structure of bovine amelogenin [4] , consisting of β-sheet/ β-turns and with a low α-helical content, contains a unique β-spiral structure in the core and was derived from circular dichroism (CD), Fourier transform infrared (FT-IR) [5] and Raman spectroscopic studies [6] , and molecular mechanics-dynamics refinement from nuclear Overhauser (NOE) contacts from three-dimensional (3D) NMR studies [7] [8] [9] .
Since then, the 3D structure of bovine amelogenin from multi-nuclear NMR has been refined (Renugopalakrishnan et al., submitted) . Recently we have also derived the tentative secondary structure of 179-reside recombinant mouse amelogenin from CD and FT-IR studies and its thermal unfolding was investigated using CD and differential scanning calorimetric (DSC) studies from our laboratories (Oobatake et al., submitted; Renugopalakrishnan et al., submitted). The secondary structures of bovine, mouse, and human amelogenins appear to share common secondary structural motifs, despite differences in their primary structures [2] .
Amelogenin regulates the formation of HA crystals in the mineralization of enamel in a manner that is yet to be resolved. The 3D architecture of mineral, manifest in the shape of hexagonal prisms of HA, has been observed in the electron micrographs of mature enamel [10] . A defective human amelogenin gene has been shown to encode a mutant version of the protein [11] and the X-chromosomal amelogenin gene appears to be a candidate gene for X-linked amelogenesis imperfecta (AI). AI is a hereditary defect of dental enamel in which the enamel is deficient in either quality or quantity [12] . The mutant protein should be expected to have an altered 3D structure due to the mutation of a conserved Pro to Thr and such a mutation should be expected to distort the β-spiral segment, which is a dominant structural component in bovine amelogenin [5] and could result through a cascade of events which are still incompletely understood in a poorly oriented mineral architecture due to impairment of the sequestering of Ca 2+ . There have been a few reports in the literature of scanning electron microscopic (SEM) studies of the surface characteristics of enamel [13] [14] [15] . A SEM study of hypoplastic-type AI in primary teeth has been reported by Uzamis et al. [16] .
The present study is the first report in the literature on the ultrastructure of human tooth enamel from normal patients and patients diagnosed to have AI using atomic force microscopy (AFM). Other researchers [17, 18] have presented the results of an AFM study of dimensional changes in human dentin. Recently there has been a preliminary report using AFM to study tooth surfaces [14] and another AFM study of the dentin-enamel junction [16] .
MATERIALS AND METHODS

Preparation of human tooth enamel specimens and clinical diagnosis
The first sample was derived from the third lower molar from a male patient, 25 years old, with no dental abnoramalities (NA).
The second sample was derived from the lower first primary molar of a female child, 7 years old, with normal oral health, i.e. no dental abnormalities (NC).
The third sample was derived from the upper first permanent molar of a female child, 7.5 years old, clinically diagnosed to have AI. The girl was a patient at the Pedodontic Clinic at the Postgraduate and Research Studies Division, Dental School of the National Autonomous University of Mexico in Mexico City. The clinical history of this patient shows a normal health; however, her mother was concerned about yellowing of the teeth and their sensitivity to thermal changes. On further research into her familial history, it was learned that her father's cousin also manifested the same dental features. On intra-oral examination, the patient was found to have mixed dentition; most teeth were yellow with a smooth surface and the rest possessed rough surfaces with loss of enamel cover. The teeth were found to be free of caries. Panoramic radiography showed irregular contours in the crown of all teeth with ill-defined enamel limits. The pulp chambers were thick and long. All the features manifested were indicative of a diagnosis pointing to hypomaturation-hypoplasia AI with taurodontism. The sample used in this study was detached with an explorer from the buccal surfaces of the first upper molar.
Tooth specimen samples, pellicle-free, were plates of 1 mm × 1 mm (length and width) and around 2 mm thick. After polishing the rear of the sample to be fixed on the flat AFM sample holder, the samples were rinsed in ethanol (5 min in ultrasonic bath) and then rinsed again with ethanol. Before imaging, all samples were rinsed with ultra-pure Millipore water. It is important to point out that the sample did not require any special preparation. We were careful to remove grease from the sample surface, and polishing on the rear of the sample to hold it in the sample holder. From each tooth specimen, we dissected two samples and each was imaged at five different places.
We used a large number of tooth specimens to ensure that the results were consistent; there were no significant changes between tooth specimens within a class.
AFM studies
The surface morphology of the tooth samples was probed by a commercial atomic force microscope (AFM), Nanoscope III (Digital Instruments, Santa Barbara, CA, USA). Imaging was performed ex situ, under controlled temperature and humidity. AFM was operated in 'contact' and 'tapping' modes (Digital Instruments, manual for Nanoscope III-SPM) [19] . We scanned a tooth specimen surface of 10 × 10 µm. These two modes differ in terms of physical contact between the AFM probe (tip) and the imaged surface. In the 'contact' mode, physical contact between the tooth surface and the AFM tip was maintained constantly and with a constant force. The 3D motion of the cantilever and AFM tip attached to the piezo corresponds to the surface morphology of the scanned area. Imaging was performed with standard geometry silicon nitride probes. AFM images were collected at a very slow scan rate of 1 Hz, in order to obtain details of the enamel structure and to avoid damaging the tip.
'Tapping' mode imaging is a more sophisticated type of measurement, in which the tip contacts the image surface at regular intervals, but does not establish permanent contact. Such imaging is recommended for more sensitive samples, which could be damaged during the tip rastering process. Another advantage of 'tapping' mode imaging is the possibility to collect height, amplitude, and phase type data. As we will demonstrate later in this paper, such extensive and sophisticated AFM analyses helped us to visualize structural details of the different features found at the tooth surface. Shortly before imaging by both methods, all samples were regularly rinsed with ultrapure water and dried in a stream of air. We used an optical stereo-microscope to choose up to five different places for AFM imaging on each sample.
The images presented in this paper are mostly plotted in the 'height mode', which is typical for the presentation of surface topography. The higher part of the surface appears brighter in the 2D or 3D image. The tapping mode data (amplitude and phase imaging) are presented in 2D 'top-view' mode.
RESULTS AND DISCUSSION
The observed tooth morphological characteristics are described qualitatively and quantitatively. For quantitative evaluation, only the 'height' mode imaging data and the software package for image analysis, available with the Nanoscope 111-AFM instrument, were used. To satisfy the statistical nature of the quantitative analysis, images were collected from a variety of different places on the tooth specimens; several samples of each kind, collected from different patients, were also used.
As described in the Materials and Methods section, the surface morphology of the outer part of the human tooth (enamel) was studied using normal healthy teeth from an adult (NA) and child (NC), and teeth from a child with amelogenesis imperfecta (AIC). Each sample was analyzed in terms of surface topography, spatial arrangement, surface roughness, and surface feature characterization, i.e. size and shape of the surface features.
AFM surface morphology analysis of the normal healthy tooth
In order to learn how to differentiate the major morphological characteristics of the outer surface of enamel for the different samples (healthy and AI teeth), we will first focus on the characterization of the healthy teeth from the adult (NA) and child (NC).
The AFM images presented in Figs 1a and 1b show the top surface of the enamel of the NA tooth. Images were collected using the 'tapping' mode technique and are presented in the 'height' (Fig. 1a) and 'amplitude' (Fig. 1b) mode. From the 'height mode' image, one can observe that the tooth surface consists mainly of two kinds of grains: small ones (average diameter from 0.2 to 0.5 µm) which are somehow incorporated in/ associated with large associates with an average diameter of 2-4 µm. It is difficult to discern any order of grain alignment. However, one can clearly see that the grains are closely touching each other. In particular, the small grains and their relationship to the larger associates can be clearly recognized in the AFM image recorded in the 'tapping amplitude' mode (Fig. 1b) . This image clearly reveals the compact packing between the apatite grains during the enamel formation. In several samples, we also estimated the average surface roughness of the imaged surface. For the NA tooth, the RMS (Rq) (root-mean-square roughness [20] [21] [22] [23] ), a normal measure used to express the surface roughness, was estimated to be 116.50 nm. The RMS (Rq) was calculated from a complete AFM image. The real meaning and the value of this analysis will be discussed later, in comparison with other surfaces. Figure 2 shows the AFM image of the healthy child tooth (NC). The image was recorded under identical conditions to Fig. 1 and is also presented in both 'height' (Fig. 2a) and 'amplitude' (Fig. 2b) modes. In comparison to the NA tooth, we can observe that the surface of the NC tooth is much more uniform and significantly smoother. From Fig. 2b , it is possible to observe that most of the grains possess a similar (triangular) shape and size (0.25-0.3 µm). Although rare, we can also see that at some segments of the image, the grains are aligned in rows. On the other hand, there are infrequent occurrences of regular grains forming aggregates consisting of 5-20 units. The surface of the NC tooth appears to be much more smoother than that of the NA tooth. The RMS (Rq) was found to be 48.8 nm. Again, as in the NC tooth, grains were found to be closely packed, with no pores on the enamel surface. The 'contact' mode AFM images revealed similar morphological characteristics, clearly emphasizing that the tooth enamel was not damaged during imaging. 
AFM surface morphology analysis of the tooth enamel afflicted by amelogenesis imperfecta (AI)
Although we analyzed the surface morphological characteristics from the teeth of an adult and children (AI), we present only AFM images of the tooth of the child with AI. This is because we found that both possess very similar, or rather the same, typical morphological characteristics. As can be seen in the images in Fig. 3 [tapping mode imaging with presentation in (a) 'height' and (b) 'amplitude' modes], the outer enamel surface of the AI tooth is completely different from that observed from the NC tooth. In general, it is a rather uniform and flat surface with a RMS (Rq) of only 2.5 nm, without large aggregated grains but with high porosity. Indeed, the outer enamel layer consists of small (50-65 nm in diameter) irregularly displaced apatite grains with numerous pores (diameter 3-50 nm) forming an unusual network all over the top of the tooth surface. In particular, images recorded in the so-called 'amplitude' mode afford a better visualization of this peculiar ultrastructure of the AI tooth surface morphology. More details regarding the grain interconnections from the AFM image are presented in Fig. 4 . Small and very uniformly structured grains are very loosely connected to each other, with a considerable empty space between them. Figure 5 shows a high-resolution 3D AFM image, with small and well-defined individual grains incorporated in the porous network. We assume that this is the major characteristic of the AI tooth morphology. It is obviously completely different from the healthy tooth, where grains grow in a closely packed formation and occasionally form aggregates (cf. the images in Figs 1a and 1b) . The high degree of surface porosity is also the most likely reason why the AI tooth appears to be fragile and weak; this was particularly noticed during the imaging when excessive force was used (i.e. contact mode imaging).
According to these morphological findings, one can deduce that the actual influence of amelogenin as a major protein component of the extracellular matrix is on the development of dental enamel. It is hypothesized that amelogenin acts as an inhibitor during the enamel growth, which preferentially forces the formation of isolated apatite grains. This leads to the conclusion that during the enamel biomineralization process, proteins such as amelogenin are actually located on the apatite surface. Therefore study of the interaction of amelogenin and the enamel surface during the early stages of the biomineralization process will be of special interest. From our studies, the mechanism of AI remains unresolved. For a better understanding of the AI mechanism, more detailed visualization of the enamel structure and related proteins will be required.
AFM images of the normal adult tooth (NA) and the normal child tooth (NC) clearly reveal the compact packing between the apatite grains (Figs 1 and 2) , which contrasts sharply with the AI-child tooth (Figs 3 and 4) . The rather loosely connected network of apatite grains can be observed much more vividly in Fig. 5 . The apatite crystal morphology in AI tooth enamel is clearly perturbed in the diseased state. The voids and the porous network observed in the present study are very similar to the empty zones observed by Uzamis et al. [16] and earlier by Aldred et al. [14] using SEM on primary teeth samples afflicted by AI/hypoplasia. The most plausible explanation for the observations in the present study is the unequivocally poor mineralization in AI teeth. The voids probably result from defective protein synthesis by the ameloblasts. The disoriented pattern of HA crystallites seen in the AI tooth enamel presumably results from an altered primary, and hence secondary, structure of extracellular amelogenin through a cascade of events that are still poorly understood. The secondary structure of human amelogenin has not been reported in the literature. Nevertheless, from the earlier studies of Collier et al. [11] it was reported that the amelogenin gene responsible for X-linked AI undergoes the mutation of a conserved Pro to Thr and this presumably alters the 3D structure of human amelogenin. Further studies in order to gain more insight into the molecular basis of AI are in progress in our laboratories.
